Age-related accumulation of cellular damage and death has been linked to oxidative stress. Calorie restriction (CR) is the most robust, nongenetic intervention that increases lifespan and reduces the rate of aging in a variety of species. Mechanisms responsible for the antiaging effects of CR remain uncertain, but reduction of oxidative stress within mitochondria remains a major focus of research. CR is hypothesized to decrease mitochondrial electron flow and proton leaks to attenuate damage caused by reactive oxygen species. We have focused our research on a related, but different, antiaging mechanism of CR. Specifically, using both in vivo and in vitro analyses, we report that CR reduces oxidative stress at the same time that it stimulates the proliferation of mitochondria through a peroxisome proliferation-activated receptor coactivator 1␣ signaling pathway. Moreover, mitochondria under CR conditions show less oxygen consumption, reduce membrane potential, and generate less reactive oxygen species than controls, but remarkably they are able to maintain their critical ATP production. In effect, CR can induce a peroxisome proliferationactivated receptor coactivator 1␣-dependent increase in mitochondria capable of efficient and balanced bioenergetics to reduce oxidative stress and attenuate age-dependent endogenous oxidative damage.
O
ne of the major hypotheses directing gerontological research over several decades is that aging results from the accumulation of macromolecules damaged by oxidative stress and that the major loci of this damage is the mitochondrion (1) (2) (3) (4) . This hypothesis has been proposed as one explanation of how calorie restriction (CR) in various animal models works so effectively to increase lifespan and stress resistance, reduce susceptibility to chronic disease, and attenuate age-related functional decline (5, 6) . Past studies have demonstrated that CR decreases mitochondrial electron and proton leak in mammalian cells and attenuates damage resulting from intracellular oxidative stress (4, (6) (7) (8) (9) .
Mitochondria provide an integrated functional network, many components of which are vulnerable to oxidative stress that can impair cellular function and increase the chance of cell death. Age-related accumulation of cellular damage and death ultimately leads to impaired organ function generating further physiological dysfunction (1, 2) . The mitochondrial theory of aging proposes that somatic mutations of mtDNA induced by reactive oxygen species (ROS) are the primary cause of cellular energy decline with complex I being particularly affected by decreasing its rate of electron transport (3) .
CR is the most robust, nongenetic intervention that increases lifespan and reduces the rate of aging in mammals and other organisms (5, 7) . The mechanisms responsible for the antiaging effects of CR remain unknown and likely involve several processes. Results from many different laboratories support that both the activation of cell survival mechanisms and decreased mitochondriadependent ROS production are major factors accounting for the antiaging effects of CR (6, 7) . In fact, lifespan is inversely related to the rate of mitochondrial hydroperoxide production (4) that has been reported to increase with aging and decrease with CR (6, 8) . Experiments in which transgenic animals were produced that overexpress specific antioxidant enzymes, particularly catalase expressed in mouse mitochondria (10) and catalase and copper, zinc superoxide dismutase (SOD) in fruit fly (11, 12) , have demonstrated significant lifespan extension. Respiration has also been considered to play a key role in the antiaging effects of CR (13) . Evidence for this mechanism has been confirmed by observations of significant CR-dependent increase of expression of genes involved in mitochondrial energy metabolism (14) . However, recently conflicting results about the effect of CR on mitochondrial physiology have been shown (15) (16) (17) .
We propose that CR improves energy production through a balanced respiration maintaining lower oxygen consumption associated with low ROS production. To evaluate this hypothesis, we have used the in vitro model of CR, which has proven useful for demonstrating mechanisms of cell survival induced by this intervention (18, 19) . Using this approach, we have used various assays to determine whether mitochondrial mass and function are increased in human and rat cells treated with serum from CR rats. We have also examined tissues from CR rats to further confirm these observations. Our results provide definitive evidence of a major cellular change in which CR induces a greater number of more efficient mitochondria.
Results and Discussion
To investigate whether the CR-dependent decrease of mitochondrial ROS production is reproduced in vitro, HeLa cells, FaO cells, and primary hepatocytes were incubated in the presence of serum from rats submitted to long-term CR (40% for 6-12 months) and compared with those incubated with serum from age-matched, ad libitum (AL)-fed rats (18) . Results from this in vitro model of CR showed a clear decrease of intracellular fluorescence signals for ROS forms as determined by carboxy-2Ј,7Ј-dichlorodihydrofluorescein diacetate (cH 2 DCFDA) and dihydroethidium (Het) (Fig.  1A) . Thus, a significant decrease in ROS production in CR cells was observed when compared with cells grown in AL serum (Fig. 1B) . The decrease of ROS production could not be attributed to changes in antioxidant enzyme expression as demonstrated by the levels of both catalase or Cu͞Zn SOD in whole cell extracts (Fig. 1C) . These data obtained by our in vitro system confirm the previous results showing decreased ROS production in mitochondria induced by in vivo CR experiments (6, 8, 20) . Our results contradict the recent results of Lambert and Merry (16) showing that CR did not affect bioenergetics or ROS production in intact rat hepatocytes isolated from CR rats. This discrepancy may be caused by differences in the dietary regimen and methods used for ROS determination in both studies but also because we have treated cells in vitro with CR serum, whereas the hepatocytes in the Lambert and Merry study were isolated from CR rats and grown in Hanks' balanced salt solution (HBSS).
Because the mitochondrial membrane potential (⌬⌿m) is the central bioenergetic parameter controlling the generation of ROS (1), we examined the ⌬⌿m signal by using 5,5Ј,6,6Ј-tetrachloro-1,1Ј,3,3Ј-tetraethylbenzimidalolylcarbocyanine iodide (JC1) in HeLa cells treated with either CR or AL sera (Fig. 1D) . After 48 h, ratiometric analysis of JC1-aggregated forms vs. the free form demonstrates that a lower ⌬⌿m in these cells was confirmed by direct visualization by confocal microscopy. Then, incubation with CR serum seems to decrease ⌬⌿m in these cells. Our in vitro results confirmed previous in vivo data showing a CR-dependent decrease of ⌬⌿m in liver mitochondria caused by decreased mitochondrial respiration together with increased proton leak (20) . It has been demonstrated that the probability of electron leakage to form superoxide increases at high ⌬⌿m (1, 21, 22) . Our results show that CR slowed down both ⌬⌿m and ROS. Do these findings necessarily mean a lower rate of O 2 consumption or a lower ATP production in CR cells? Based on previous studies of basal metabolism of rodents measured as oxygen consumption, it is expected that short-term CR will reduce metabolic rate, but that in long-term measurements, the metabolic rate of CR animals will not differ significantly from that of AL controls because of changes in body composition (23, 24) . In the current in vitro analysis of CR serumtreated cells and isolated hepatocytes, the levels of ATP (Fig. 1E) or the ATP͞ADP ratio (Fig. 4 , which is published as supporting information on the PNAS web site) were not significantly different compared with AL controls. Interestingly, we observed that oxygen consumption compared with AL conditions was reduced by 35-40% in a variety of cells grown in CR serum and in freshly isolated primary hepatocytes from 1-yr-old CR rats (Fig. 1F) . Part of this decrease in oxygen consumption could be caused by the minor ROS production by mitochondria together with a lower respiration rate (15) .
Thus, our results support the proposal that CR produces very efficient electron transport through the respiratory chain, that is, equivalent ATP production under conditions of lower oxygen consumption and ROS production. This change in mitochondrial efficiency could attenuate molecular and cellular damage resulting from oxidative stress and thus reduce the rate of aging at cellular and organismic levels (25, 26) . Our results agree with previous findings in isolated mitochondria from liver from rats fed under CR conditions that show lower respiration and higher proton leak at the same time (15) . This fact would explain the lower oxygen consumption and the decrease of ⌬⌿m at the same time. However, recent studies have reported the reduction of mitochondrial ROS produc- tion by the decrease of proton leak and a higher ⌬⌿m in CR mitochondria (16) . Both studies are based on in vitro analysis of isolated mitochondria. Our cytometrical approach permits us to determine ⌬⌿m and ROS in the living cell environment without isolation procedures and buffer disturbances that could have impacted the conclusions drawn from past studies.
The next question to ask then is how does the cell increase this respiratory efficiency? We hypothesize that CR supports efficient respiration by increasing the number of low potential mitochondria (state 3). To investigate this hypothesis, we incubated HeLa cells, FaO cells, and rat primary hepatocytes in sera obtained from rats on either CR or AL diets and analyzed the cells for different mitochondrial markers after this exposure. HeLa cells incubated with CR serum showed a significant increase of mitotracker green FM (MTG) signal, indicating the increase of mitochondrial mass ( Fig. 2A ). This fact was confirmed by using the nonyl acridine orange (NaO) probe, which specifically binds to cardiolipin, a mitochondrial-specific phospholipid and is widely considered a mitochondrial mass marker (Fig. 2B) . Immunolocalization of both cytochrome c and cytochrome c oxidase in CR sera-treated HeLa cells also confirmed the increase of mitochondria compared with AL-treated cells (Fig. 2B ) and the specificity of MTG and NaO staining as determined by the mitochondrial staining pattern (Fig.  2B) . Both FaO cells incubated with CR serum and primary hepatocytes isolated from rats fed under CR long term also showed a significant increase of cardiolipin-dependent NaO staining signal ( Fig. 2C) , indicating that this CR effect seems to be independent of cell type.
Citrate synthase activity is also considered a biomarker of mitochondrial mass and function. Reduced activity of this enzyme has been observed in livers from aged AL rats and is attenuated by CR (27) . Activity of citrate synthase was increased significantly in CR sera-treated cells compared with AL conditions and in CR liver compared with AL tissue (Fig. 2D) .
To confirm an actual increase in the number of mitochondria, we next conducted an EM analysis of mitochondria in liver tissue obtained from old AL and CR rats. We could detect a significant increase in the number of mitochondria in this tissue (Fig. 2E) , which was quantified from EM micrographs as represented in Fig.  2F . Thus, based on a variety of assays to determine mitochondrial mass in different cell types, the results would support the hypothesis that CR increases the number of mitochondria per cell.
Taken together, these results support the conclusion that a larger amount of low-potential mitochondria would maintain a balanced respiratory chain activity fully capable of handling reduced oxygen consumption while maintaining ATP synthesis but with a lower ROS production. In fact, the mitochondrial protein density in liver, which can be interpreted as a marker of mitochondrial mass, is increased in CR rats without any change in the respiration rate (17) . All of these results are in agreement with the fact that CR reduces body temperature in mammals (28) , which may be caused by increased coupling of oxidative phosphorylation to ATP synthesis (29) . The increase of CR-dependent low-potential mitochondria would explain these previously well established observations.
Having established that CR can up-regulate mitochondria and improve metabolic efficiency, questions emerge regarding what processes are involved in this up-regulation. Mitochondrial biogenesis is a highly regulated process operating through peroxisome proliferation-activated receptor (PPAR) coactivator 1 ␣ (PGC-1␣)-dependent nuclear respiratory factors (NRFs). Interestingly, recent reports suggest a role for Sir2 homolog (SIRT) in the regulation of PGC-1␣ during CR and fasting (13, 30, 31) . We have previously shown an induction of SIRT1 in cells and tissues under CR and stress conditions (18, 19) . To investigate how CR can induce a greater number of low-potential mitochondria, we determined the expression of mRNA of NRF1 and NRF2, which control the expression of nuclear genes that codify most of the subunits of mitochondrial complexes (32) (33) (34) , and PPAR␣, another factor that would contribute to mitochondrial biogenesis by the activation of the fatty acid oxidation pathway (35) . The expression of the respective mRNAs was determined by RT-PCR in HeLa cells incubated for 24 h with both AL and CR serum. Both NRF1 and NRF2␤␥ transcripts were significantly increased in CR serumtreated cells compared with AL serum-treated cells; whereas, NRF2␣ did not show any significant change of expression (Fig. 3A) . PPAR␣ was not induced by CR serum treatment in vitro (Fig. 3A) , and these results agree with previous ones showing that this factor is not activated in rat kidney and liver by short-term CR treatment in vivo (36, 37) . On the other hand, both induced factors, NRF1 and NRF2, are involved in mitochondrial biogenesis under conditions that promote increased respiration (34, 38) . In both cases, NRF1 and NRF2 depend on PGC-1␣ transcriptional coactivator (33), which is up-regulated by both short-and long-term CR (36) . In our hands, in vivo expression of PGC-1␣ and PPAR␣ were elevated in livers from 1-year-old CR rats compared with AL-fed rats (Fig. 3B ).
In agreement with this finding we have shown previously an activation of PGC-1␣ and some of its downstream targets in liver of CR rats ranging from 12 to 24 months of age (36) .
Several of the effects of CR serum on cultured cells have been linked to low levels of insulin. In fact, the resistance of cells to heat shock and the induction of SIRT1 expression in cells cultured in the presence of serum from rats fed under CR conditions were inhibited by the addition of insulin to the culture medium (18, 19) . In our hands, the addition of insulin to CR-serum cultures also inhibited the induction of NRF1 and NRF2␤␥ mRNA (Fig. 3C) , suggesting that the insulin-dependent pathway is involved in the regulation of the mitochondrial changes induced by CR serum.
In numerous experiments, the SIRT1 pathway has been shown to be involved in the antiaging mechanisms of CR, particularly in the protection against stress (13, 19) . The CR mechanism identified in the current investigation differs from that induced in vitro in response to fasting and pyruvate wherein SIRT1 deacetylates PGC-1␣ and induces the expression of gluconeogenic genes but not mitochondrial genes (31). The antiaging effect of CR in mammals is a multidimensional phenomenon that must be highly regulated (39) . The in vitro model of CR has helped to clarify the SIRT1-dependent regulatory pathway that enhances stress resistance in a wide variety of organisms (18, 19) . Another basic aspect of the antiaging effects of CR is a decrease of endogenous oxidative stress production mainly in mitochondria, which would prevent the accumulation of damage (6, 8, 40) . Our current study demonstrates that this effect can be caused by a PGC-1␣-dependent mechanism that increases mitochondrial mass. These mitochondria show a low-membrane potential, under lower oxygen consumption without diminishing ATP production, and generate lower levels of ROS, thus attenuating damage caused by endogenous oxidative stress and maintaining a balanced respiratory chain. PGC-1␣ or SIRT1 are critical to regulate this response. As evidence for their role, we disrupted expression of PGC-1␣ or SIRT1 by using small inhibitory RNA and observed an attenuation of decreased oxygen consumption in CR serum-treated cells (Fig. 5 , which is published as supporting information on the PNAS web site).
These in vitro results provide strong evidence to support how CR might exert its antiaging effects in vivo (29) . We propose then that CR activates diverse regulatory pathways that greatly enhance stress resistance via the SIRT1 pathway (19) and markedly improve bioenergetics through the activation of the PGC-1␣ pathway. were cultured in high-glucose DMEM and RPMI medium 1640 (GIBCO͞BRL) supplemented with 10% heat-inactivated FCS and antibiotic͞antimycotic solution. Primary hepatocytes were prepared from three different cohorts of six 12-month-old Fischer 344 male rats (41), fed AL or 40% CR since weaning, seeded on collagen-coated dishes, and cultured in F12͞DMEM. Rat serum was obtained and used as described (18) .
Methods
ROS and ⌬⌿m Determination. Flow cytometry determination of ROS and ⌬⌿m was performed by using an Epics XL cytometer (Coulter). Intracellular ROS were determined by using Het, cH 2 DCFDA, and dihydrorhodamine 123 (dH-rhod123) (Molecular Probes). HeLa cells were cultured with 10% AL or CR serum in DMEM for 48 h, incubated with 1 M Het, 10 g͞ml cH 2 DCFDA, or 10 g͞ml dH-rhod123 for the last 30 min of treatment, washed twice with cold HBSS, and detached with a cold HBSS-based nonenzymatic solution (Sigma). They were kept cool and quickly analyzed by flow cytometry. Oxidized Het (ethidium) was determined as FL3 (620 Ϯ 30 nm), and both cH 2 DCFDA and dHrhod123 were detected as FL1 (525 Ϯ 20 nm).
⌬⌿m was determined by using the specific dye JC1 (Molecular Probes). Cells were cultured as indicated above for 48 h and stained with 5 g͞ml JC1 for the last 15 min of treatment, washed, and detached as indicated above. ⌬⌿m was determined by the ratiometric analysis of orange fluorescence emitted by JC1 aggregates (FL2, 585 Ϯ 20 nm) and that emitted by the free probe (FL1, 525 Ϯ 20 nm). At these conditions, disruption of ⌬⌿m by incubation with the uncoupler carbonylcyanide m-chlorophenylhydrazone (100 M) produced a shift from orange to red fluorescence and the decrease of the ratio FL2͞FL1 (data not shown). For confocal visualization of JC1-stained cells, a Leica TCS LR confocal microscope was used.
Determination of Mitochondrial Mass. Mitochondrial mass was determined by using either fluorescent dye MTG or NAO staining as indicated (42, 43) . For flow cytometry determination, cells were incubated with AL or CR serum as indicated above, detached, and fixed with 3.7% formaldehyde in HBSS for 15 min, washed three times by centrifugation at 500 ϫ g for 5 min, and resuspended in HBSS, pH 7.4. Fixed cell suspensions were incubated with 20-40 nM MTG for 20-30 min at room temperature in the dark, washed twice as indicated above, and analyzed by flow cytometry. Staining after fixation permits the determination of dye incorporation caused only by mitochondrial mass independent of the ⌬m. As control, the effect of the uncoupler carbonylcyanide mchlorophenylhydrazone (10 M) was determined to demonstrate ⌬⌿m-independent staining of mitochondria.
Biochemical determination of mitochondrial mass was performed by measuring the citrate synthase activity in whole extracts from cells. The activity was measured spectrophotometrically at 412 nm at 30°C. Cell and liver homogenates were added to buffer containing 0.1 mM 5,5-dithio-bis-(2-nitrobenzoic) acid, 0.5 mM oxaloacetate, 50 M EDTA, 0.31 mM acetyl CoA, 5 mM triethanolamine hydrochloride, and 0.1 M Tris⅐HCl, pH 8.1. Citrate synthase was expressed as nmol͞min per mg of protein.
Immunocytochemistry. Immunostaining of cells with mitochondrial marker proteins, cytochrome c and cytochrome c oxidase, was also performed following previously reported staining procedures with minor modifications (44) . After incubation, adherent cells to coverslips were fixed with 3.7% formaldehyde in PBS for 10 min. After four washes with PBS, cells were permeabilized with 0.1% saponin in PBS for 5 min at room temperature. Samples were washed again with PBS plus 0.05% Tween 20 and blocked with 5% goat serum in PBS for 30 min. Primary antibody anti-cytochrome c (Pharmingen) or anti-cytochrome c oxidase I (RDI, Flanders, NJ) were used at 1:100 to stain cells at 37°C for 1 h. After four washes with PBS-Tween 20, FITC-labeled secondary antibody was added (1:200), and samples were incubated for 1 h at 37°C. After three more washes with PBS, coverslips were mounted with Mowiol, and cells were visualized by confocal microscopy as described above.
Western Blotting. Whole cells were electrophoresed in a 10-15% acrylamide SDS͞PAGE. Proteins were transferred to Immobilon membranes (Amersham Pharmacia). Rabbit anti-human catalase, sheep anti-human Cu͞Zn SOD (Calbiochem), and mouse anti-␤-tubulin (Boehringer-Mannheim Biochemica) antibodies were used to detect proteins by Western blotting. Proteins were electrophoresed, transferred to nitrocellulose membranes, and, after blocking O͞N at 4°C, incubated with the respective antibody solution at 1:1,000 to 1:5,000 dilution. Then, membranes were probed with their respective antibody labeled with horseradish peroxidase (1:5,000 to 1:10,000). Immunolabeled proteins were detected by using a chemioluminiscence method (Bio-Rad). Protein concentration was determined by the Bradford method.
ATP Determination. The whole amount of ATP in cells was performed by using the ATP determination kit from Molecular Probes (see Supporting Text, which is published as supporting information on the PNAS web site). Cells were seeded as indicated and incubated for 48 h with sera. After harvesting by centrifugation at 4,500 ϫ g for 5 min at 4°C, ATP was extracted by incubating cell pellets with 1% trichloroacetic acid (TCA)͞4 mM EDTA solution for 10 min on ice. Cell extracts were centrifuged at 12,000 ϫ g for 10 min at 4°C and used for ATP determination as indicated by the manufacturer. Interference of TCA on ATP determination was avoided by dilution of sample at least 1:10. The amount of ATP was determined by comparison with a curve obtained by using known amounts of ATP dissolved in the same buffer composition used for ATP extraction.
Oxygen Consumption Determination. Oxygen consumption of intact cells and hepatocytes was measured by using a Clark-type oxygen electrode containing a magnetic stirrer (Hansatech Instruments, Norfolk, U.K.) or monitored with an Instech Two Channel Fiber Optic Oxygen Monitor System (Instech Laboratories, Plymouth Meeting, PA). Cell chambers were maintained at 37°C by a circulating water bath. All measurements were assessed with fiber optic oxygen monitor operating software and slope calculator software (Instech Laboratories). Respiration rates were completed in 0.25-ml suspensions of cells, and results were calculated as nmol of oxygen consumed per min per 10 6 cells. Resting respiration rate was determined as the oxygen consumption rate under conditions where no inhibitors or uncouplers were added to the cells. Nonmitochondrial oxygen consumption was determined as the respiration rate after incubation of cells with oligomycin (1 g͞ml), antimycin (5 M), valinomycin (0.1 M), and carbonyl ptrifluoromethoxyphenylhydrazone (20 M). Mitochondrial respiration was calculated by subtracting nonmitochondrial respiration rates from measures of total respiration.
Determination of mRNA for Mitochondrial Biogenesis Factors. Total RNA from cells cultures with AL or CR serum and liver were extracted by using Tripure Reagent (Roche Diagnostics). Reverse transcriptase (RT) was performed by using 3 g of total RNA for RT with oligo-18(dT) as primer. PCR was performed with specific primers for human NRF1 (forward, 5Ј-CCAAACCGAACATAT-GGCTCAC-3Ј; reverse, 5Ј-CCAGGATCATGCTCTTGTAC-3Ј); human NRF2␣ (forward, 5Ј-TAGACCTCACCACACTCAAC-3Ј; reverse, 5Ј-GTGACCAAACGGTTCAACTC-3Ј); human NRF2␤␥ (forward, GAGCTCCCTTTACTACAGAC-3Ј; reverse, 5Ј-AACTGTGGTGTTGCAGCAT-3Ј); human PPAR␣ (forward, 5Ј-GCTTTGGCTTTACGGAATA-3Ј; reverse, 5Ј-TCCCGACA-GAAAGGCACT-3Ј); and human GAPDH (forward, 5Ј-CGGA-GTCAACGGATTTGGTC-3Ј; reverse, 5Ј-ACTGTGGTCATG-AGTGGTTC-3Ј) synthesized by Proligo (Boulder, CO) as described (34) . PCR was carried out in a thermocycler in a 25-l reaction volume containing 1 l of cDNA, BioTaq PCR buffer, 50 M of each dNTP, 1.25 mM MgCl 2 , and 1 unit of BioTaq DNA polymerase (BioLine, Randolph, MA). The samples were also tested without RT to verify that there was no contamination with genomic DNA. The thermal cycle profile consisted of an initial denaturation step (1 min at 94°C), followed by 30 cycles (1 min of denaturation at 94°C, 1 min of annealing at 55°C, and 1 min of extension at 72°C) and a final extension step of 7 min at 72°C. The number of cycles was previously determined empirically to obtain a PCR product in the linear range. PCR products were resolved in an 1% agarose gel, scanned by using a Gel Doc 2000 device (Bio-Rad), and quantified by using QUANTITY ONE 1-D analysis software (Bio-Rad).
EM and Image Analysis. A cohort of six CR and eight AL 24-monthold male Fischer 344 rats were anaesthetized with pentobarbitone acepromazine malate. Livers were perfused with heparinized Krebs-Henseleit solution under a constant pressure of 10 cm of water. One lobe was removed, fixed in 4% phosphate-buffered paraformaldehyde for 6 h, and then stored in PBS. The rest of the liver was fixed with a fixative solution for EM consisting of 3% glutaraldehyde, 2% paraformaldehyde, 2% sucrose, 2 M calcium chloride, and 0.1 M cacodylate buffer. After being fixed, part of the liver was removed, cut into 1-mm 3 sections, and postfixed for 6 h in the fixative solution. The samples were then stored in 0.1 M cacodylate buffer.
The formalin-fixed liver was later embedded in paraffin, sectioned, and stained with hematoxylin and eosin. Livers with abnormal pathology, such as a lymphocytic infiltrate, were excluded. The liver fixed for EM was postfixed in osmium tetraoxide (1%), dehydrated in an alcohol series, and embedded in Spurr's resin. Two blocks of the liver were selected randomly from those satisfying requirements for tissue integrity and quality of fixation (45) . Ultrathin (70-90 nm) sections were then taken from each block, stained with uranyl acetate and lead citrate, and then blinded for the observer and viewed on a Zeiss 902 electron microscope. Two random hepatocytes from each section were captured, at ϫ4,400 magnification, on a Gatan (Pleasanton, CA) BioScan slow scan charge-coupled device camera.
Statistical Analysis. Statistical analyses were performed by using a commercially available software package (STATVIEW, SAS Institute, Cary, NC). Two-tailed Student's tests were used for all analyses. Statistical significance was established as P Ͻ 0.05.
